Novel properties arising at interfaces between transition metal oxides, particularly the conductivity at the interface of LaAlO3 (LAO) and SrTiO3 (STO) band insulators, have generated new paradigms, challenges, and opportunities in condensed matter physics. Conventional transport measurements have established that intrinsic conductivity appears in LAO/STO interfaces when the LAO film matches or exceeds a critical thickness of 4 unit cells (uc). Recently, a number of experiments raise important questions about the role of the LAO film, the influence of photons, and the effective differences between vacuum/STO and LAO/STO, both above and below the standard critical thickness. Here, using angle-resolved photoemission spectroscopy (ARPES) on in situ prepared samples, as well as resonant inelastic x-ray scattering (RIXS), we study how the metallic STO surface state evolves during the growth of a crystalline LAO film. In all the samples, the character of the conduction bands, their carrier densities, the Ti 3+ crystal fields, and the responses to photon irradiation bear strong similarities. However, LAO/STO interfaces exhibit intrinsic instability toward in-plane folding of the Fermi surface at and above the 4-uc thickness threshold. This ordering distinguishes these heterostructures from bare STO and sub-critical-thickness LAO/STO and coincides with the onset of unique properties such as magnetism and built-in conductivity.
Unraveling the origins of the electron gases at the STO surface 1-3 and LAO/STO interfaces 4 , as well as the mechanisms leading to interesting and useful behaviors such as magnetism [5] [6] [7] and persistent photo-enhanced/-induced conductivity 8, 9 , are crucial steps towards fully exploiting the technological promise 10 of these systems. Theories about the existence of the metallic interface in LAO/STO have largely centered around growth-induced defects and doping such as ion intermixing 11 and oxygen vacancies, as well as the "polar catastrophe" model in which, at the critical thickness of 4 uc 12 , carriers transfer across LAO to the STO interface in order to quench the electrostatic potential arising from the growth of polar LAO on nonpolar STO 13 . While several arguments can be made in favor of the polar catastrophe model 14 , the issue is not yet settled. Meanwhile the origin of interfacial magnetism in LAO/STO remains an open question as well.
A number of recent observations enrich the story surrounding the origins of conductivity at oxide interfaces and surfaces. For instance, interfacial conducting states have been found in other STO-based heterostructures where no polar discontinuity should occur [15] [16] [17] [18] . These results come amidst the backdrop of the discovery of a metallic state at the surface of bare STO. Such observations draw attention to the role of the STO substrate and raise the possibility that STO's surface and interface gases are intimately connected; therefore each may be able to teach us about the origins of metallicity and other properties in the other. With this in mind, we set out to investigate the evolution of the low-dimensional metallic state on STO starting from the bare surface and progressing through 4 or more unit cells of LAO over
STO.
We begin our study using RIXS to probe the crystal field excitations in bare STO and a sample with 8 uc of LAO grown over STO. As a "photon in, photon out" technique, RIXS penetrates into the bulk of the sample to probe electron transitions between unoccupied states. By performing RIXS on resonance with Ti 3+ absorption features, the technique can be tuned to focus on the surface and interface regions in STO and LAO/STO, respectively, where the low-dimensional electron gases reside 3, [19] [20] [21] [22] . Figure 1a compares RIXS spectra from a bare TiO 2 -terminated STO substrate and one with an LAO film grown on top (8 uc) . In order to selectively probe the conducting states, we performed RIXS using hν = 459.2 eV, corresponding to 2p 3/2 -3d e g absorption by Ti
3+ sites. Both samples show a peak near the elastic line at an energy loss of -110 meV and a weak shoulder at roughly -200 meV, as well as features centered at approximately -2.5 eV and -1.7 eV. Based on our previous RIXS study of LAO/STO multilayers 22 , we attribute the near-elastic features as intra-t 2g transitions, the structure at -2.5 eV as e g -t 2g transitions, and the one at -1.7 eV as arising from delocalized electron excitations. Overall, the spectra clearly demonstrate that cubic symmetry is broken 22 , and the correspondence between these spectral features in both bare STO and LAO/STO is a clear indication that Ti 3+ sites in both systems are associated with essentially the same structural distortion -most likely the polar Ti-O buckling seen by several studies of LAO/STO interfaces 23, 24 and the bare STO surface [25] [26] [27] .
Next we studied STO perturbed under 2 uc of LAO film using in situ ARPES at conventional UV photon en- Figs. 1b-e. Figs. 1f-g show side-by-side comparisons of energy-vs.-k x dispersion data from bare STO and 2 uc LAO/STO obtained at k y = 0 in the first Brillouin zone using hν = 85 eV. The ellipsoidal components (heavy bands) of the FS extend slightly farther in k than in bare STO (a little over 0.5 π/a along the long axes from the Brillouin zone center, instead of ∼ 0.4 π/a for bare STO 19 ), qualitatively consistent with calculations 28 . The overall nature of the near-E F electronic structure of the LAO/STO system is similar to the bare surface of STO, whose photon energy dependence in ARPES is attributed to a combination of confined, non-bulk-like quasi-2D and 3D electronic states associated with Ti 3d xy and Ti 3d xz /3d yz bands, respectively 19 . This naturally suggests that the conducting 3d xy and 3d xz /3d yz electrons comprising the photo-induced metal in the 2 uc LAO/STO interface region have similar spatial distributions to those in STO. Qualitatively, this result is in agreement with several experimental 29, 30 and theoretical 28,31,32 studies of thicker (≥ 4 uc) LAO/STO interfaces, which find that the electron gas actually extends several unit cells into STO. Moreover, the distinct dimensionalities and effective mass characteristics of the 3d xy and 3d xz /3d yz electrons naturally explain the observation of two types of carriers in many experiments 5, 22, 33, 34 .
Studying the electronic structure of buried interface states presents a significant challenge for photoemission experiments, since the inelastic mean free path of photoelectrons in a solid is generally considered to be under 1 nm over a broad range of kinetic energies. Thus we continued in situ ARPES measurements for samples with 4 and 5 uc of LAO by using higher photon energies where resonance enhancement at the Ti L edge occurs, thereby allowing us to view the momentum-resolved electronic structure associated with Ti. Figure 2 presents results from resonant angleintegrated photoemission spectroscopy (resonant PES), absorption measured by the total electron yield (TEY), and core level x-ray photoemission spectroscopy (XPS) performed on 5 uc of LAO grown over STO. The sample underwent post-growth annealing in oxygen (P O2 = 200 mbar, T = 55
• C, 1 h). Over the course of the measurement, exposure to synchrotron radiation causes the spectral characteristics of the LAO/STO sample to evolve in a manner indicating that the metallicity at the interface becomes enhanced. In particular, we observe a transfer of spectral weight within the TEY absorption from Fig. 2g . The photon energy ranges where the in-gap and Fermi level states resonate overlap well with the Ti 3+ features of the TEY absorption spectrum that become enhanced during photon irradiation. This behavior is very similar to the evolution seen on the surface of bare STO during illumination, where the enhancement of in-gap and metallic states go hand-in-hand 2, 19 .
At this point the similarities between the metallic states seen on the surface of irradiated bare STO and at the LAO/STO interface -whether below (2 uc of LAO) or above the standard critical thickness (4-8 uc of LAO) -are striking. All exhibit similar electronic structure, Ti 3+ crystal fields, correspondence between the existence of in-gap and metallic electronic states, and creation/enhancement of such states via irradiation. However, the Fermi surfaces of LAO/STO where LAO is at least 4 uc thick show a new characteristic not found in thinner samples or on bare STO. Figure 3 depicts in situ resonant ARPES measurements on bare STO and LAO/STO bilayers with LAO thicknesses of 2, 4, and 5 uc. The data were acquired on resonance with Ti 3+ absorption features. Figure 3a shows Fermi surface mapping on bare STO using resonant and conventional ARPES.
Putting aside fine details concerning the differences between the Fermi surfaces seen by conventional and resonant ARPES, we notice a substantive change occurring at the standard critical LAO thickness. Although all the studied samples show 1 × 1 ordering of the LAO surfaces (see Supplementary Information), in those where the thickness of LAO is at least 4 uc (Fig. 3c-d) , the Fermi surface of the interface shows folding along the k x and k y directions -possibly of a twinned 2 × 1 order. Such folding is not seen for either bare STO or 2 uc LAO/STO (Fig. 3a-b) . This can also been seen by dispersion cuts along k y = 2π/a in the second Brillouin zone for each of the Fermi surface maps (Fig. 3f-h) . We observed the same folding pattern (Fig. 4) Fig. 3e , which also qualitatively depicts the ferroelectric Ti-O buckling distortion.
The occurrence of octahedral tilting about [100]/[010] or a similar in-plane reconstruction in sufficiently thick LAO/STO interfaces may be connected to unique properties arising in these systems. In particular, various tilting distortions (sometimes combined with ferroelectric Ti-O buckling) in LAO/STO interfaces might correspond with different charge-and/or magnetically-ordered phases, which may even compete in the ground state 39 . Indeed, the onset of the in-plane ordering seen here after depositing 4 or more uc of LAO coincides with the appearance of dilute magnetism in samples studied by scanning superconducting quantum interference device microscopy 6 . Similarly, LAO/STO superlattices were found to exhibit magnetic behavior only when the LAO spacer layers have a minimum thickness of ∼ 4-6 uc 7 . Concerning the origin of built-in conductivity in LAO/STO with at least 4 uc of LAO, it has been shown that the LAO core levels do not exhibit strong thickness dependent shifts or broadening, as would be expected on the basis of the polar catastrophe model 40, 41 . Furthermore, hole pockets from LAO that should occur at the Brillouin zone corners are absent in our ARPES data, which is in agreement with an ex situ study 42 . Since the experiments here are performed on samples not exposed to the atmosphere, arguments in favor of an extrinsic passivation of the surface to explain this discrepancy become less likely. Our results also do not favor a direct connection between oxygen vacancies and the built-in conductivity in LAO/STO. The 5 uc LAO/STO sample shows little qualitative change before and after oxygen annealing (Fig. 4) , consistent with the idea that oxygen vacancies, while perhaps providing some additional doping, do little to fundamentally alter the interface electron gas 43 . The electronic structure and doping of the metallic state on the surface of bare STO similarly shows no direct link to the concentration of oxygen vacancies 1, 19 . While the photoemission experiments do not provide specific confirmation of the origin of the carriers at the interface, they make it clear that distortions in the surface/interface region of STO strongly influence the electronic structure. The polar, ferroelectric-type Ti-O buckling distortion frequently reported on the STO surface and in the interfacial region of STO with LAO is generally thought to play a key role in the spatial confinement of the conducting electrons and compensating the polarity from the LAO film 32, 44 . Being common to all these systems, Ti-O buckling is likely to account for the shared signatures of symmetry-breaking in the electronic structure: namely the split 3d xy -3d xz /3d yz conduction bands with indications of both 2D and 3D-like characteristics and the non-cubic crystal field seen in Ti 3+ RIXS spectra. The polar buckling region should naturally accommodate carriers 19, 32 , and STO would therefore seem to be a particularly suitable host for low-dimensional electron gases in large part due to its innate propensity for forming this structure near its surface/interface.
It is interesting to consider how 2×1 or similar in-plane ordering might be connected to the Ti-O buckling and how, in turn, such ordering might influence the conducting properties of LAO/STO interfaces. Recently, theoretical work has explored the concept of "improper ferroelectricity" in the context of oxide heterostructures, in which ferroelectric displacements occur via coupling to a second order parameter -e.g., various forms of octahedral tilting which are not by themselves polar 45 . In principle, even some tilting patterns that in bulk would normally compete with ferroelectric distortions can in certain cases give rise to improper ferroelectricity when the symmetry of the system is broken by an interface 45, 46 . Moreover, it has been proposed that the walls between domains of tilted octahedra (e.g., 2×1 twin boundaries) in STO may induce polarization 47 . Hence the in-plane ordering might strongly influence the nature and/or strength of polar distortions near the interface, which in turn are closely linked to the extent of the confinement region and thus the transport properties.
Multiple effects (e.g., defects, photons, strain) may trigger or otherwise alter the surface/interface structure, thereby affecting the conductivity or other properties. The role of photons in inducing/enhancing the surface and interface conductivity of STO and LAO/STO, respectively, is particularly intriguing. The appearance and/or increase of spectral weight at E F and the enhanced signatures of Ti 3+ in the core level and absorption spectra appear to be long-lived; we can move the synchrotron beam away from a heavily exposed spot for hours, then go back, and find the spectral changes largely intact. This is consistent with the persistent photo-induced changes seen in the electronic structure of the STO surface 19 and in the transport behavior of LAO/STO and related interfaces 9 . The extremely long lifetimes of the changes imply that photons do more than merely generate carriers by exciting electrons to the conduction band. We therefore propose that light can directly and/or indirectly play some role in altering the structure of the surface/interface region of STO in terms of the polar Ti-O buckling 19 , 2 × 1 or other ordering, and/or the domain structure -all of which could impact the conductivity and spectroscopic properties as discussed above.
Whatever the origin of the carriers themselves on bare STO and in LAO/STO, the results here emphasize the important role of the near-surface/-interface structure of STO for the realization of a confined electron gas. Indeed, if there is one unifying characteristic of the STO surface and LAO/STO interfaces, it is that conductivity appears to be strongly linked to the existence of ferroelectric Ti-O buckling in the surface/interface region of STO 19, 23, 24, 32, 48 . The similar Ti 3+ crystal fields and near-E F electronic structure of bare STO and LAO/STO illustrate the intimate connection between these systems owing to the distortions in their metallic regions. These commonalities, however, belie important differences between the various STO-based systems, and the in-plane ordering seen in the 4-and 5-uc thick LAO/STO interfaces may be an important new insight into how properties such as built-in conductivity and weak/dilute magnetism emerge above the 4-uc threshold. 
